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The rate of exchange of G-actin with subunits of F- 
actin and the rate of hydrolysis of ATP in solutions of 
F- actin at steady state have been measured simultane- 
ously. Subunit exchange kinetics were analyzed by 
both a treadmill model and an exchange-diffusion 
model. The best fit to a treadmill model of the data 
obtained in 0.5 mM MgClj and 0.2 mM ATP at 30 °C gave 
a treadmill efficiency (net monomers incorporated per 
ATP hydrolyzed) of 0.26, in good agreement with the 
previously reported s-value of 0.25 (Wegner, A. (1976) 
J. Mol Biol 108, 139-150) for similar ionic conditions. 
However, in this and other conditions with excess free 
divalent cations (Ca* + or Mg 2 *), the observed exchange 
kinetics were in better agreement with an exchange- 
diffusion model than with a treadmilling model over 
the entire time course of the experiment. In the absence 
of excess divalent cations (50 mM KC1), exchange was 
too slow to be analyzed adequately by either model. 
Using the measured filament length distribution and 
the observed fit of the exchange-diffusion model to the 
data in 0.5 mM MgCI*, an on-rate constant of 2.8 X 10* 
m~* s" 1 and an off-rate constant of 6.8 s~ l were calcu- 
lated. These values, while in good agreement with pre- 
viously measured pre-steady state polymerization rate 
constants under different ionic conditions (Pollard, T. 
D., and Mooseker, M. S. (1981) J. Cell Biol 88, 654-659), 
are about 30-fold higher than the rate constants pre- 
dicted from the rate of ATP hydrolysis at steady state. 
To rationalize these discrepancies, a model is proposed 
in which a segment of P-actin subunits at one or both 
ends of the filament contains bound ATP at steady 
state. 



Actin polymerization in the presence of ATP is accompa- 
nied by the hydrolysis of G-actin-bound ATP yielding F-actin 
with predominantly, if not exclusively, bound ADP. The ki- 
netics of polymerization under a variety of ionic conditions 
have been successfully modeled by a nucleation-elongation 
reaction (1-3). Once polymerization is complete, a pool of 
monomeric actin (at the critical concentration) co-exists at 
steady state with polymeric F-actin and the hydrolysis of ATP 
continues due, at least in part, to assembly-disassembly reac- 
tions at the filament ends. 



* The data in this paper were presented at the meeting on Actin: 
Its Structure and Function in Muscle and Non-Muscle Cells, held in 
Sydney, Australia in August 1982 and in the workshop Opposite End 
Assembly- Disassembly of Microtubules and Microfilaments : Fact 
and Fiction at the Annual Meeting of the American Society for Cell 
Biology held in Baltimore, MD in December 1982. The costs of 
publication of this article were defrayed in part by the payment of 
page charges. This article must therefore be hereby marked "adver- 
tisement" in accordance with 18 U.S.C. Section 1734 solely to indicate 
this fact. 



The actin filament has two structurally and kinetically 
distinct ends called barbed (B) and pointed (P) from the 
arrowhead pattern seen when actin is decorated with muscle 
heavy meromyosin. In the simplest polymerization model, the 
only reactions that occur during elongation and at steady state 
are the addition of G-ATP actin monomers to F-ADP actin 
filaments, with the concomitant hydrolysis of ATP, and the 
loss of G-ADP monomers from filament ends, followed by 
much more rapid exchange of actin-bound ADP for free ATP. 
In this case, the description of the actin filament elongation 
reaction and the steady state assembly-disassembly reaction 
requires specification of only four rate constants: the on-rate 
constants (hi and kv) and the off-rate constants (ks and kf) 
at each filament end. 1 In an equilibrium system (when ATP 
is not hydrolyzed or when only G-ADP actin is present) the 
two ends of the actin filament must have equal critical con- 
centrations so that Aib «= Ab/^b must equal Ajp = kp/kt which 
equals A\ t the measured critical concentration. 

Wegner (7) was the first to point out that when ATP is 
hydrolyzed in a solution containing F-actin and G-actin at 
steady state, the on- and off-reactions at each filament end 
are not symmetrical, i.e. ATP is hydrolyzed in the association 
reaction but ATP is not synthesized in the dissociation reac- 
tion. Therefore, neither filament end is at equilibrium al- 
though the system is at steady state. Thus, the two ends of an 
actin filament can have different critical concentrations with 
the observed critical concentration, A\ * (AS + kv)/(k& + Af), 
lying between the two. As a result, there will be continual net 
loss of monomeric actin from the high critical concentration 
end, balanced by continual net addition of monomers to the 
low critical concentration end. Previous studies of the action 
of a variety of actin binding factors that appear to cap one or 
the other end of the filament (5) have provided indirect 
evidence for different critical concentrations at the two fila- 
ment ends (in the presence of ATP) and data on actin-mon- 
omer-polymer subunit exchange at steady state have been 
analyzed to provide evidence for ah actin treadmill (7, 8). 

Subunit exchange between monomer and polymer can also 
occur by random fluctuations in the lengths of an ensemble of 
polymers. This exchange-diffusion mechanism (9) (which can 
be unidirectional or bidirectional depending on whether one 
or both filament ends are involved (7)) is the only mechanism 
for subunit exchange when the two filament ends have the 
same critical concentration which, it is important to note, can 
happen even when ATP is being hydrolyzed In the context of 



1 If ATP hydrolysis is not obligatory to monomer addition (4, 5) or 
if a substantial portion of the G-actin pool contains bound ADP 
instead of ATP (6), additional reactions (and associated rate con- 
stants) must be included for the addition and dissociation of G-ATP 
actin without hydrolysis of ATP, the addition of G-ADP actin, the 
exchange of ATP for ADP on G-actin (cf. Ref. 6, and, possibly, the 
hydrolysis of filament-bound ATP. 
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the simple model described above, both exchange-diffusion 
and treadmilling will occur when the critical concentrations 
at the two ends of the filaments are different. For exchange- 
diffusion to dominate when both exchange mechanisms occur, 
however, the magnitude of the rate constants at one filament 
end must be very much greater than at the other end. 

We have now used a sensitive fluorescence assay (10) to 
study the kinetics of monomer-polymer subunit exchange 
under a variety of ionic conditions, including excess free Mg 2 * 
(where from previous observations the critical concentrations 
at the two filament ends are expected to differ (11, 12)) and 
KC1 with no free Mg 2 * (where the critical concentrations at 
the two filaments ends may be the same (13)). Simultaneous 
measurements of the rates of steady state ATP hydrolysis 
were also made. Under all conditions studied, the time course 
of subunit exchange was more consistent with an exchange- 
diffusion mechanism than with a treadmill model More ex- 
tensive analysis of the data obtained in 0.5 eom MgCl 2 and 0.2 
dim ATP at 30 °C suggests that F-actin may contain a segment 
of subunite with bound ATP at, at least, one end of the 
filament 

MATERIALS AND METHODS 

W-PyrenyHodoacetamide from Molecular Probes was used without 
further purification. ATP was from Sigma. [y-^PlATP (2-10 Ci/ 
mmol) from New England Nuclear was diluted immediately upon 
arrival to 0.5-1.0 mCi/ml in 2 mM ATP and stored at -20 °C. 
Procedures to determine the radiochemical purity and concentration 
of ATP solutions were previously described (14). 

Muscle G-actin was prepared from acetone powders of rabbit back 
and leg muscle by the method of Spudich and Watt (15), as modified 
by Eisenberg and Kielley (16), followed by gel filtration on Sephadex 
G-200. Monomeric actin was stored on ice in a buffer containing 5 
mM Tris.HCl, 0.2 mM dithiothreitol, 0.2 mM ATP, 0.1 mM CaCl 2 . and 
0.01% NaNs, pH 8.0 (buffer G). The concentration of monomeric actin 
was determined either from its absorbance at 290 nm, using an 
extinction coefficient of 0.617 rng" 1 ml cm" 1 (17), or by the procedure 
of Lowry et al. (18) using muscle G-actin as a standard. 

G-actin was labeled with [y-^PJATP, and the bound nucleotide 
(0.95-1.03 mol of ATP/mol of actin) and total exchangeable nucleo- 
tide (typically > 0.93 mol of ATP/mol of actin) were determined as 
described previously (19). Hydrolysis of [y-^PJATP was followed by 
measuring the release of "Pi (20). 

Pyrenyl actin 3 was prepared by reacting actin with iV-pyrenylio- 
doacetamide using a modification of the procedure of Kouyama and 
Mihaahi (10). G-actin (40 mg, 2 mg/ml) was polymerized at 25 °C for 
1 h in 5 mM Tris-HCl, 0.1 M KC1, 2 mM MgCl* 0.1 mM CaCla, 0.5 mM 
ATP, 0.1 mM dithiothreitol, 0.01% NaNs, and then dialyzed overnight 
at 4 °C against this same buffer. A 0.20-ml aliquot of freshly prepared 
]V-pyrenyliodoacetamide in dimethyl formamide (14 mg/ml) was 
added to the F-actin, and the solution was mixed by inversion and 
incubated overnight at 20 °C with occasional mixing. The reaction 
was quenched by adding 0.05 ml of 0.2 m dithiothreitol. Excess 
unreacted insoluble dye was removed by centrifugation at 2,500 X g 
for 15 min and the labeled F-actin pelleted at 29,000 rpro (Type 30 
rotor) for 3\6 h at 20 °C. The pellet was homogenized in 5 ml of buffer 
G, dialyzed for 72 h versus several changes of buffer G, clarified at 
40,000 rpm (Type 40 rotor) for 2 h at 4 °C, and applied directly to a 
Sephadex G-200 column (78 x 1.6 cm) at 4 °C with a flow rate of 8-10 
ml/h. Peak tubes were pooled and the actin concentration was deter- 
mined by the procedure of Lowry et al. (18). The extent of labeling 
was determined using an extinction coefficient of 2.2 x 10* m~ 1 cm" 
at 344 nm (10). The actin typically contained 0.98-1.02 mol of label/ 
mol of actin. 

Electron microscopy was used to determine the actin filament 
length distributions. Experimental samples (0.5 mg/ml of actin) were 
applied directly to inverted carbon-coated Formvar grids and stained 
with 1% uranyl acetate as described elsewhere (21). Photographs were 
taken using a Siemens Elmiskop electron microscope and filament 
lengths determined at a final magnification of 18,750 using a Summa 
Graphics ID digitizer. 



2 The trivial name used is: pyrenyl actin, N-pyrenylcarboxyami- 
domethyl actin, 



Polymerization and steady state monomer-polymer exchange mea- 
surements were made using an SLM 4000 spectrofluorometer with 
the sample chamber thermostatted at 30 °C. AH measurements were 
made on 0.4-ml samples in quartz cuvettes (3 x 10 mm) (Precision 
Cells) with the long dimension of the cell parallel to the incoming 
light path. For 90° light scattering experiments, the excitation and 
emission wavelengths were 450 nm and the excitation and emission 
bandpasses were 2 nm For fluorescence measurements on pyrenyl 
actin, the excitation and emission wavelengths were 368 and 388 nm 
and the respective bandpass settings were 1 and 4 nm No light 
scattering signal could be detected at 388 nm when unlabeled F-actin 
was exposed to light at 368 nm. To avoid bleaching the fluorophore, 
pyrenyl actin was prepared and stored in the dark and, during 
fluorescence experiments, was exposed to the light source only inter- 
mittently. 

Critical actin concentrations were determined by first polymerizing 
20 jiM actin (5% pyrenyl actin) at 30 °C, then diluting in the same 
buffer to multiple lower actin concentrations. After a 16- to 20-h 
incubation in the dark at 30 °C, both the steady state fluorescence 
and light scattering of each sample were measured. 

RESULTS 

The results of the monomer-polymer subunit exchange 
experiments were analyzed using two distinct models, tread- 
milling and exchange-diffusion. In order to facilitate compar- 
ison of the models, first the experimental data are presented 
and then the data are analyzed according to the models, which 
are developed in the "Appendix." 

Experimental Observations 

Actin Polymerization and Associated ATP Hydrolysis— 
G-actin, 5% labeled with iV-pyrenyuodoacetamide, was equil- 
ibrated in buffer G containing 0.2 mM (y-^PJATP, polymeri- 
zation was initiated at 30 °C by the addition of 0.5 mM MgCb, 
and the polymerization kinetics were monitored by both light 
scattering and fluorescence (Pig. 1). In other experiments, it 
was found that these two assays gave indistinguishable results 
over a range of concentrations of pyrenyl actin (0.2-6% of the 
total actin) and a variety of ionic conditions (50-100 mM KCI, 
0.5-2.0 mM MgCla, 1-2 mM CaCfc). In addition, Pig. 2 shows 
that the critical concentrations determined by fluorescence, 
under several ionic conditions, were identical with those found 
by light scattering. We conclude, therefore, in agreement with 
others (10, 22, 23), that pyrenyl actin co-polymerizes with 
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Pig. 1. Actin polymerization and associated ATP hydrolysis 
in 0.5 mM Mg€I s . G-actin (12.1 um, 5% pyrenyl actin) equilibrated in 
buffer G containing 0.22 mM [y-^PJATP was polymerized at 30 °C by 
addition of 0.5 mM MgC*. Polymerization was monitored by either 
light scattering (O) or fluorescence (•) as described under "Materials 
and Methods." Simultaneous measurements of ATP hydrolysis (A) 
were made. 
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Fig. 2. Actin critical concentra- 
tions. F-actin (20 /xM, 6% pyrenyl actin) 
in buffer G containing 0.5 mM MgCla 
(A), 50 mM KC1 (B), or 20 mM KC1, 0.5 
ffiM MgCls (C) was diluted to multiple 
actin concentrations in the correspond- 
ing buffers and incubated for 16-20 h at 
30 °C. Both the final fluorescence {•) 
and light scattering (O) were measured. 
The critical concentrations were 1.4 /im 
(A), 0.7 iaa (B), and 0.5 pM (C). In 0.5 
mM MgClfc the measured critical concen- 
tration varied from 1.4 to 2.1 pM for 
different actin preparations; values ob- 
tained from light scattering measure- 
ments always agreed with those obtained 
from fluorescence measurements. 
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Fig. 3. Incorporation of G-actin into F-actin and hydrolysis of ATP at steady state. G-actin (12 jam), 
equilibrated in buffer G containing 0.23 mM [y^PJATP, was polymerized to steady state at 30 °C by addition of 
either 0.5 mM MgCb (upper left), 0.6 mM MgCk + 20 mM KC1 {upper right), 2 mM CaCls (lower left, A), 2 mM 
CaCla + 20 mM KC1 (lower left O, A), or 50 mM KC1 (lower right). The critical concentrations for these samples 
were 2.1, 0.5, 0.6, 0.6, and 0.5 jiM, respectively. Pyrenyl G-actin (1-2 /d) was added to 2 ml of each F-actin solution. 
The final pyrenyl actin concentration was 0.08 um in the MgCla experiment and 0.04 (OA in all other experiments. 
After gentle mixing by inversion, 0.4- ml aliquots were transferred to a quarts curvette (3 X 10 mm) and the 
fluorescence was monitored as described under "Experimental Procedures" (#, O). Simultaneous measurements of 
the rate of ATP hydrolysis were made (A, A). For each ionic condition, a sample of G-actin was co-polymerized 
with pyrenyl G-actin to determine the final fluorescence at equilibrium (dashed line). At the time indicated by the 
arrow, the sample in 50 mM KC1 (lower right) was subjected to sonication for 5 s at setting 3 on a Heat Systems 
Ultrasonic Sonifier, and the fluorescence was measured (■). The lines drawn through the points are not theoretical 
fits. 



unmodified actin and that the increase in fluorescence of 
pyrenyl actin monitors G-actin subunit incorporation into F- 
actin. 

Simultaneous measurements of ATP hydrolysis (Fig. 1) 
showed that, during polymerization in 0.5 mM MgCl 2 , ATP 
was hydrolyzed as fast as monomers were incorporated into 
polymers. In the experiment shown, when polymerization was 
complete, slightly more than one molecule of ATP had been 
hydrolyzed for each F-actin protomer. Similar results were 
obtained under a variety of ionic conditions (50-100 mM KC1, 
0.5-2.0 mM MgClj, 1-2 mM CaCb). 

Actin Monomer- Polymer Subunit Exchange and ATP Hy- 
drolysis at Steady State— As shown in Fig. 1, hydrolysis of 
ATP by actin continues after polymerization is complete. To 



examine the relationship between this ATPase activity and 
monomer-polymer subunit exchange, G-actin, equilibrated 
with 0.2 mM [y-^PJATP, was polymerized to steady state at 
30 °C by addition of various salts (Fig. 3). Simultaneous 
measurements of steady state ATP hydrolysis and actin ex- 
change were made by adding trace amounts of pyrenyl actin 
to the solutions of F-actin at steady state, gently mixing, and 
monitoring the release of ^Pi and the increase in fluorescence 
as labeled monomers were incorporated into polymers. 

As shown in Fig. 3, ATP hydrolysis occurred at a constant 
rate for the duration of the experiments. Except perhaps in 
CaCl 2 ± KC1 (Fig. 3, lower left), where the ATPase rate was 
very low and difficult to measure precisely, there was no 
detectable burst of ATP hydrolysis upon mixing pyrenyl G- 
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actin with the steady state F-actin solution. This indicates 
that little, if any, ATP hydrolysis was associated with any 
transient filament breakage that might have occurred during 
mixing, followed by reannealing during the subsequent incu- 
bation. The ATPase rate varied from a low of about 1.0 uM/h 
in CaCl 2 ± KC1 to a high of 9.0 nM/h in 0.5 mM MgCl 2 . 

Essentially complete fluorescence equilibrium was attained 
in about 4 h in 0.5 mM MgCh (Fig. 3, upper left). In many 
different experiments, over a range of total actin concentra- 
tions (12-48 pM), greater than 95% fluorescence equilibrium 
was always observed within 4 h in the presence of 0.5 mM 
MgCl 2 . Under the other ionic conditions examined, however, 
complete equilibration was never observed during the 4-h 
time course, even though the initial rate of fluoresence in* 
crease was often higher than in the presence of MgCh alone. 

Actin polymerized in 0.5 m MgCfc + 20 mM KC1 (Fig. 3, 
upper right) had a lower critical concentration (0.5 m versus 
2.1 jxm), lower steady state ATPase rate (3.6 um versus 9.0 
jAM/h), and higher initial rate of fluoresence increase than 
actin polymerized in 0.5 mM MgCl 2 alone. But, in the presence 
of MgCl 2 + KC1, the fluorescence curve was clearly biphasic 
and reached only 63% of the equilibrium fluorescence value in 
4 h. On the other hand, in 2 mM CaCb, the rate of fluorescence 
increase, steady state rate of ATP hydrolysis, and the critical 
concentration were all unaffected by the presence of 20 mM 
KC1 (Fig. 3, lower left). In CaCl 2 ± KC1, a rapid increase in 
fluorescence was followed by a very much slower phase that 
reached only 73% of the equilibrium fluorescence value in 4 h. 

In the presence of 50 mM KC1 and the absence of free 
divalent cations (Fig. 3, lower right), ATP hydrolysis at steady 
state occurred at a constant rate of 6.0 jiM/h. After an initial 
bursty the fluorescence data indicated very alow exchange of 
actin monomers with polymers. There was no measureable 
burst in ATP hydrolysis corresponding to the initial burst in 
fluorescence. Rapid equilibration of pyrenyl monomer with F- 
actin was observed, however, following brief sonication. 

Data Analysis 

Fluorescence Increase and Turnover of F-Actin— At the 
beginning of experiments such as those described in Fig. 3, all 
of the pyrenyl actin is in the monomer pool. Net incorporation 
of G-actin into F-actin results in an increase in fluorescence 
but, as is developed more fully in the "Appendix," the fraction 
of F-actin that must turnover before the equilibrium fluores- 
cence value is reached depends on the concentration of F- 
actin and the critical monomer concentration. As calculated 
from the total actin concentrations, the measured critical 
concentration, and Equation 7 (see "Appendix"), the per cent 
of F-actin filament subunits that had exchanged at the end of 
each of the experiments shown in Fig. 3 was at least 35% in 
MgClz, 8% in MgCU + KC1, 7% in CaCla ± KC1, and <2% in 
KC1 alone. The near approaches to fluorescence equilibrium 
shown in Fig. 3, despite the low calculated turnover of the F- 
actin, result from the fact that, when the critical concentration 
is low compared to the concentration of F-actin, it requires 
very little monomer-polymer subunit exchange to incorporate 
most of the pyrenyl monomers into F-actin (see "Appendix"). 
As a result, the sensitivity of the assay is enhanced when the 
turnover rate is low, as in these experiments, allowing reliable 
data to be obtained. 

Treadmilling Model— We show in the "Appendix" (Equa- 
tion 11) that the treadmillng model for subunit exchange 
between pyrenyl G-actin and F-actin predicts a linear depend- 
ence of the term -In (F(oo) — F{t)) with respect to time, 
where F(oo) is the fluorescence that would be observed if all 
the pyrenyl actin were in polymer and F{t) is the observed 
fluorescence at any time, t. It can be seen in Fig. 4 {open 
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Fig. 4. Analysis of steady state monomer-polymer subunit 
exchange kinetics: treadmill versus exchange-diffusion. The 

fluorescence data in Fig. 3 are replotted according to the treadmill 
model (Equation 11 in "Appendix") (O, □) and the exchange-diffusion 
model (Equation 14 in "Appendix") (#, ■). The ionic conditions are 
given in the legend to Fig. 3. The straight lines are drawn through 
the time points that show the theoretical predicted linear dependence 
of -In (F(w) - F{t)) on time (treadmill model) or time 17 * (exchange- 
difnision model). In the lower left, the data for CaCfe + KC1 (□, ■) 
and for CaCl* - KC1 (O, •) are plotted. 



circles) that when the data in Fig. 3 are plotted in this way, 
they deviate significantly from the theoretical curves for the 
treadmilling model in all cases. In MgCl 2 , the data were linear 
with time for only the first 20 min, in MgClz + KC1 for only 
10-15 min, and in CaCl 2 ± KC1 for <20 min of the total 4-h 
incubation period. In KC1 alone, after an initial burst, very 
much slower exchange occurred than when excess free diva- 
lent cations were present. 

There are two obvious reasons why the experimental data 
might fall below the theoretical curves if subunit exchange 
were, in fact, occurring by the treadmilling mechanism. First, 
there might have been a large increase in filament ends caused 
by fragmentation when the pyrenyl G-actin was mixed with 
the solution of F-actin at steady state followed by reduction 
in the number of filament ends by reannealing. The rate of 
ATP hydrolysis, however, was constant throughout the entire 
time courses of the incubations (Fig. 3). Since the ATPase 
rate is almost certainly proportional to the number of filament 
ends, it, therefore, seems very unlikely that the decrease in 
the apparent treacbnilling rate can be explained by formation 
and loss of filament ends by fragmentation and reannealing. 

Alternatively, the decrease in apparent treadmilling rates 
might have been due to the expected heterogeneity in filament 
lengths. In principle (see "Appendix"), short filaments would 
equilibrate relatively rapidly with the monomer pool, and 
their continued turnover after equilibration would not con- 
tribute to the increase in fluorescence. To determine if this 
could explain the poor fit of the experimental data to the 
theoretical trea dmillin g curve, the distribution of filament 
lengths was measured for the experiment in MgCl 2> the one 
for which the best fit to the treadmilling model was obtained 
to the highest fractional turnover of filament subunits. By 
combining the data for filament length distribution (Fig. 5) 
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Fig. 5. Filament length distribution of F-actin in 0.5 mM 
MgCla. G-actin (12 jim) in buffer G was polymerized at 30 °C for 3 h 
by addition of 0.5 mM MgCl* After the sample was gently agitated 
(in the same way as when pyrenyi G-actin was added in the subunit 
exchange experiments described in the legend to Fig. 3), the filament 
length distribution was determined as described under "Materials and 
Methods." A total of 301 filaments were measured; the average 
filament length was 2.4 jim. The per cent of filaments which would 
have exchanged all of their subunits with the monomer pool was 
calculated as a function of the per cent of the final fluorescence 
(inset). 

with Equation 8 (see "Appendix"), the per cent of filaments 
which had exchanged all of their subunits could be calculated 
as a function of the final fluorescence (Fig. 5, inset). Filaments 
that are calculated to have exchanged all their subunits are 
considered to have reached fluorescence equilibrium. It can 
be seen from Fig. 5 (inset ), for example, that only 20% of the 
filaments would have reached fluorescence equilibrium when 
as much as 60-80% of the maximum fluorescence signal had 
been reached. As shown in Figs. 3 and 4, however, in the 
actual experiment, the apparent treadmilling rate had already 
dropped to about 50% of its initial value by about 30 min, at 
which time only about 30-40% of the equilibrium fluorescence 
had been reached. From the measured filament length distri- 
bution (Fig. 5), at this level of fluorescence essentially all of 
the filaments should still have been txeadmilling and not until 
90% of the final fluorescence value had been attained would 
the apparent treadinilling rate have decreased to 50%. 

From the above considerations, then, it seems that neither 
transient filament breakage and reannealing nor completion 
of a treadinilling cycle by a portion of the F-actin filaments 
can explain the deviation of the experimental data from the 
time dependence predicted by Equation 11 (see "Appendix"). 
Therefore, the treadinilling model can be fit to the data for 
monomer-polymer exchange only for a very short period at 
the beginning of the experiments and, thus, this model does 
not seem to provide an adequate explanation for most of the 
experimental results. 

Exchange-Diffusion Model— In contrast to the linear time 
dependence of the treadniiUing model, the exchange-diffusion 
model for subunit exchange between pyrenyi G-actin and F- 
actin predicts a linear dependence of -In ((F(oo) - F(t )) with 
respect to ^ (see "Appendix", Equation 14). As can be seen 
in Fig. 4 (solid circles), the experimental data in Fig. 3 appear 
to be much more consistent with the exchange-diffusion model 
than with the txeadmilling model. In MgCla, the fluorescence 
data fit the f 172 dependence for nearly the entire time course 
of the experiment (more than 5 h). In MgCk + KG, the fit is 
good to 8-10 min l/a (Le. 64-100 min) and, in CaCl* ± KCl the 
fit is also good for about 100 min. The experimental data do 
fall below the theoretical curves at longer times in these latter 
two experiments but the fits appear to be very much better 



than for the treadinilling model In KC1 alone, the data are 
not fit particularly well by either model but, because of the 
very slow rate of subunit exchange, very few data are available. 

DISCUSSION 

Our kinetic data for monomer-polymer subunit exchange in 
solutions of F-actin at steady state seem to be fit very much 
better by the exchange-diflusion model than by the tread- 
muling model, even for experiments in MgCla where we expect 
the two filament ends to have different critical concentrations 
(11, 12). On the other hand, Wegner (7) and Wegner and 
Neuhaus (8) have successfully fit their exchange data, which 
were obtained from conceptually similar experiments using 
radiolabeled actin monomer, to a treadmilling model Our 
data cannot be better rationalized with the txeadmilling model 
by invoking fragmentation and reannealing because the ATP- 
ase rate was constant throughout the experiment as would not 
have been expected had the concentration of filament ends 
been changing significantly. We have also shown by direct 
measurement that no significant error is introduced into our 
calculations, at least for the experiment in MgCla, by the 
distribution of filament lengths. We have been unable to 
perform a similar analysis for the experiments in KC1 because 
the filaments were entangled in large clumps making it im- 
possible to determine their lengths by electron microscopy. 
The complete formulation of Wegner (7) also accounts for 
variations in filament lengths but does so implicitly by analysis 
of the polymerization kinetics rather than by direct measure- 
ment. Uncertainty about some of the assumptions of the 
polymerization model may limit that approach. On the other 
hand, our conclusion would be in error if the true filament 
length distribution in solution were substantially different 
from that seen in the electron microscope, particularly if many 
more short filaments were present than were observed. 

Even though it is difficult to rationalize the kinetics of 
subunit exchange in our experiments with the treadinilling 
model, it is useful for further comparison of our data to those 
of Wegner to use this model to calculate an apparent actin- 
monomer flux rate, J m (fiM/h), which is the rate of net mon- 
omer incorporation into filaments. This can be done from the 
slopes of the lines in Fig. 4 that best fit the predicted linear 
dependence on time for a treadinilling system, the measured 
critical concentrations (Fig. 2), and Equation 11 (see 
"Appendix"). The ratio of J m to the rate of ATP hydrolysis is 
the measure of kinetic efficiency of an actin treadmill, i.e. the 
number of net monomers incorporated per ATP hydrolyzed. 
The calculated efficiencies for our experiments are 0.26 in 
MgCl 2 , 0.33 in MgCla + KC1, and about 1.0 in Cads ± KC1. 
The flux rate in KC1 alone was too low to allow a calculation 
to be made but if txeadmilling occurred at all under this 
condition it was very inefficient, as also was observed by 
Wegner and Neuhaus (8). Since we observed tight coupling of 
ATP hydrolysis to monomer addition during polymerization 
(Fig. 1), it is reasonable to identify the ATPase rate with the 
total monomer on-rate, (k& + ht)AiN = (kg + kp)N t where 
iVis the concentration of filament ends. The kinetic efficiency, 
within the context of a treadinilling model, would then be 
equivalent to Jm/ihg + *p)» which is the s- value defined 
originally by Wegner (7). Wegner (7) reported an s-value of 
0.26 in MgCl 3 and Wegner and Neuhaus (8) found an s-value 
of about 1 for an experiment done in C&Ch; both values are in 
good agreement with the calculated efficiencies for our exper- 
iments under similar conditions. 

Furthermore, on the assumption that the measured ATPase 
rate equals the total monomer on-rate, the sum of the off-rate 
constants and the sum of the on-rate constants in MgCla can 
be calculated using the measured critical concentration (Ai 
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= 2.1 /xm) and the concentration of filament ends calculated 
from the data in Fig. 5 ( JV = 0.011 /*M, average filament length 
=» 2.4 /un). On this basis, the calculated total on-rate constant 
is k* = 1.1 X 10* M~ J s" 1 and the calculated sum of the off-rate 
constants is k~ = 0.23 a -1 . This on-rate constant, calculated 
from the ATPase rate, is about 100 times larger than the rate 
constant estimated for polymerization in CaCb by Wegner 
and Engel (2) but is only about 1-2% of the value of the pre- 
steady state rate constant (k% + kt) measured directly by 
electron microscopy, under other buffer conditions, by Pollard 
and Mooseker (13). Estimations by Tobacman and Korn (3) 
of the relative elongation rate constants in a variety of polym- 
erization buffers showed that no more than a 10-fold difference 
can be explained by differences in ionic conditions, and recent 
preliminary measurements 3 by electron microscopy, under our 
buffer conditions, give results compatible with those of Pollard 
and Mooseker. Therefore, the total on-rate constant predicted 
by the measured ATPase rate and filament length distribution 
is very much lower than the probable true on-rate constant. 
This discrepancy could be explained if the filaments were 
actually about 50 times longer than the measured value, i.e. 
if they were fragmented in the preparative procedures for 
electron microscopy. Even so, we are still left with the poor fit 
of the exchange kinetics to the treadmilling model 

As we have already said, however, in contrast to the poor 
fit of the data to the treadmilling model, our subunit exchange 
kinetics fit the exchange-diffusion model remarkably well for 
all the ionic conditions we used. For exchange-diffusion, the 
rate of labeled subunit incorporation is proportional to t l/2 
because the small fluctuations that result in the labeling of 
the terminal subunits occur much more frequently than the 
larger fluctuations necessary to label further into the filament. 
Monomer-polymer exchange will go to completion; it just 
takes a much longer time to do so than we allowed in our 
experiments. The limited monomer-polymer exchanges we 
observed in CaCl 2 ± KC1, in KCi alone, and in MgCl 2 + KC1 
(all <10%) agree with the limited exchange measured by 
Pardee et al. (24) in 0.1 M KCI, 1 mM MgCb, and 1 mM ATP, 
and the greater exchange we observed in the presence of 
excess MgCla alone (>35%) agrees with the stimulation of 
exchange in the presence of excess MgCl 2 (relative to ATP) 
reported by Wang and Taylor (25), but not observed by 
Pardee et al (24). In these previous papers, however, no 
attempt was made to fit the experimental data to any theo- 
retical model 

When analyzed according to the exchange-diffusion model 
(Fig. 4; Equation 13, "Appendix") , the slope of the straight 
lines obtained when -ln(F(») - F(t)) is plotted versus t l/2 is 
(2N/Ai) {tT/ir) 1/2 . Thus, it is possible to calculate the individ- 
ual rate constants for exchange-diffusion at the filament ends 
from the measured critical concentration, A\ t the concentra- 
tion of filament ends, N f and the exchange data in Fig. 4 
without using the ATP hydrolysis data. Assuming that only 
one end of each filament was rapidly exchanging with the 
monomer pool, * + « 2.8 x 10 6 M~ l s" 1 and k~ - 5.8 s" 1 for the 
experiment in MgCl 2 alone. If both filament ends were incor- 
porating subunits at equal rates, both k + and k~ would be 
lower by a factor of 4. These calculated values are in excellent 
agreement with the pre-steady state rate constants deter- 
mined by Pollard and Mooseker (13) which were in the range 
of h+ = 0.8 - 8.8 x 10 6 m" 1 s" 1 and k~ * 0.7 - 6 s~\ depending 
on the ionic conditions. As mentioned before, Tobacman and 
Korn (3) have found that the on- and off-rate constants are 
not greatly affected by ionic conditions. The agreement be- 
tween the rate constants calculated from the subunit exchange 

3 S. C. Mockrin, S. L. Brenner, and E. D. Kom, unpublished 
observation. 



data at steady state with the pre-steady state rate constants 
determined by direct visualization of filament growth provides 
additional support for the exchange-diffusion model. 

However, the k* for actin addition calculated from the 
exchange-diffusion model is about 30-fold higher than that 
calculated from the steady state ATPase rate, even though 
ATP hydrolysis and actin monomer addition appear to be 
tightly coupled during polymerization under these same ionic 
conditions. These apparently contradictory observations can 
be rationalized by assuming that there is a segment of actin 
protomers with bound ATP (instead of ADP) at, at least, one 
end of the filament. At steady state, addition and loss of a 
substantial number of actin subunits could then occur without 
any hydrolysis of ATP. ATP would be hydrolyzed, at steady 
state, only when addition of an ATP-actin protomer would 
extend the segment of filament subunits with bound ATP 
beyond its maximal allowable length. During polymerization, 
on the other hand, addition events greatly predominate over 
dissociation events. If the length of the segment that contained 
bound ATP were to remain constant, each addition during 
polymerization would necessarily result in the hydrolysis of 
an ATP bound to an actin protomer further down the fila- 
ment. 

To reconcile the measured rate of ATP hydrolysis at steady 
state with the kinetics of exchange-diffusion, then, we suggest 
that addition of an actin monomer to the end of the filament 
and hydrolysis of that protomer's bound ATP are sequential 
and separate events. This suggestion had been made previ- 
ously on theoretical grounds (5) and there is now some inde- 
pendent experimental support for the idea. Recently, Pardee 
and Spudich (4) reported a lag in the hydrolysis of ATP 
during polymerization of actin under conditions similar to 
those in which we (Fig. 1) and others (8) have always observed 
tight coupling. Also, Mockrin and Kom (26) have shown a 
substantial uncoupling of ATP hydrolysis from the polymer- 
ization of covalently cross-linked actin dimers; in this case, 
hydrolysis of filament-bound ATP continued for many hours 
although polymerization was complete in a few minutes. It 
has previously been demonstrated that the hydrolysis of tu- 
bulin- bound GTP can occur subsequent to polymerization 
(27). 

If the hypothesis that segments at the ends of actin fila- 
ments contain bound ATP is correct, the measured steady 
state value of k~ would reflect predominantly the off-rate 
constant for an F-ATP actin promoter. This could differ 
significantly from the k~ determined by a dilution-depolym- 
erization experiment which would reflect predominantly the 
dissociation of F-ADP actin protomers once the short seg- 
ments of ATP»actin protomers were lost from the filament 
ends. For similar reasons, it is possible that the experimental 
data in Fig. 4 fall off the theoretical exchange-diffusion curve 
at later times because pyrenyl monomer-polymer exchange is 
being measured in regions of the filament that do not contain 
bound ATP. Other, possibly slower, reactions would then be 
needed such as the exchange of ATP for ADP on either the 
F-actin or G-actin protomer. This would be in addition to any 
apparent decrease in exchange rate due to the equilibration of 
short filaments as previously discussed. 

On the conventional assumption that the primary exchange 
reaction at steady state involved the interaction of a G-ATP 
actin monomer with the filament end and the release of a G- 
ADP actin monomer from the filament, Neidl and Engel (6) 
suggested that appreciable G-ADP actin monomers should 
accumulate in solution because the rate of exchange of ATP 
for ADP on G-actin is very much slower than the actin 
dissociation rate. In fact, Tobacman and Korn 4 have been 

4 L. Tobacman and E. D. Korn, unpublished observation. 
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unable to detect any G-actin with bound ADP in solutions of 
F- and G-actin at steady state in buffers containing either 
MgCl 2 or KCL Of course, G- ADP actin would not be expected 
to be present if the principal reaction were, as we postulate, 
the exchange of G-ATP actin monomer for F-ATP actin 
protomers at the filament ends. 

We are left, finally, with one major paradox. With a rate 
constant k* of the magnitude measured by Pollard and Moo- 
seker (13) and required to account for our exchange data using 
the exchange-diffusion model, an actin filament would grow 
extremely rapidly once nucleation had occurred. For example, 
with a monomer concentration of 10 /im and a k+ = 10 6 m" 1 
8~\ monomers would add to filaments at an initial rate of 10/ 
s/filament. At this rate of addition and with the polymeriza- 
tion kinetics described in Fig. 1, the filaments measured in 
Fig. 5 should have been about 50-100 times longer than the 
observed values. This paradox can probably be rationalized 
only by assuming that substantial filament fragmentation 
occurs either during polymerization or, in the experiments 
described in Figs. 3-5, when the pyrenyl G-actin was mixed 
with the preformed F-actin in 0.5 mM MgCl 2 . Wegner (28) and 
Wegner and Savko (29) have recently provided evidence for 
fragmentation during polymerization of actin at low concen- 
trations in solutions containing MgCl 2 (and no KC1), but 
Tobacman and Korn (3) have found no kinetic evidence for 
significant fragmentation during polymerization in solutions 
of MgCl 2 at the higher actin concentrations used in our 
experiments. 

In summary, it appears that the exchange-diffusion model 
provides the best explanation for monomer-polymer subunit 
exchange at steady state under the several experimental con- 
ditions that we have used although a number of unanswered 
questions still remain. Of these, perhaps the most important 
is the inconsistency between the predicted and measured 
lengths of actin filaments formed in MgCL>. The discrepancy 
may be explained by fragility of the filaments but experimen- 
tal evidence on this point is necessary. Finally, for exchange- 
diffusion to dominate over treadmilling as the mechanism for 
monomer-polymer subunit exchange, either the critical con- 
centrations at the two ends of the filaments must be the same 
(as they may be in KC1 (13)) or, if the critical concentrations 
are different (as they may be in MgCl 2 (11, 12)), the magnitude 
of the rate constants must be very much greater at one end of 
the filaments than at the other end. Experimental data are 
also necessary to test these predictions. 
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Note Added in Proof— After submission of this manuscript, a paper 
was published by Caplow et al (31) in which they proposed the 
presence of a short segment of GTP-tubulin subunits at the ends of 
microtubules analogous to our proposal of a segment of ATP-actin 
subunits at the ends of microfilaments. 

APPENDIX 

Monomer- Polymer Subunit Exchange — In steady state 
monomer-polymer subunit exchange studies performed as 
described in this paper, all labeled actin monomers are initially 
in the G-actin pool. Any net incorporation of labeled mono- 
mers into F-actin will result in an increase in fluorescence and 
a decrease in the concentration of labeled G-actin monomers. 
Initially, the concentration of labeled G-actin monomers is po. 
At a later time, after some exchange has taken place, the 
concentration of labeled G-actin is p and that the labeled F- 
actin is po — p. The critical monomer concentration remains 



constant at A r . Suppose that there are N filaments/unit 
volume, at one end of which net replacement of F-actin 
protomers by G-actin monomers occurs by an unspecified 
mechanism. When a net exchange of dm monomers between 
the G-actin and F-actin pools occurs at each of the filament 
ends, the concentration of labeled G-actin will decrease by an 
amount dp which is just Ndm times the fraction of the total 
monomer pool that is labeled, i.e. 



*-(£)• 



Ndm, 



Solving Equation 1, we have 

p{m) = poe~ Nm ' A * 



(1) 



(2) 



where m(t) 9 the net number of monomers (both labeled and 
unlabeled) transferred from monomer pool to polymer pool/ 
filament, is time-dependent. The concentration of labeled F- 
actin subunits is just 

Po-p-poU -e-"'*" 1 '). (3) 

The measured fluorescence signal F(t) is a sum of the fluo- 
rescence from the G-actin and F-actin pools. 

F=F G + F? (4) 

When all labeled monomers are in the G-actin pool (at t =■ 0), 
the fluorescence is F(0). Let F(oo) be the fluorescence ex- 
pected when all the labeled monomers are in F-actin. It is a 
property of the pyrenyl actin that F(oo) is about 25 times F{0) 
(10). 

The fluorescence of the G- and F-actin pools is then just 
equal to their maximal fluorescence (when all of the label is 
in that pool) times the fraction of label in the pool at any time, 



Fait) - F(Q) 



Frit) = F(co) 



^Po-p(m)^ 



(5) 



Combining Equations 3, 4, and 5 gives 

F(oo) - F(t) - (F(oo) - F{0))e~ Nm/A \ (6) 

When true fluorescence "equilibrium" is reached, as in the 
control experiments described above, the label is distributed 
between the G-actin and F-actin pools and the fluorescence 
signal is less than F{oo). The value of F(oo) can be obtained 
from the measured fluorescence Fm(oo) by 



/?<co). 



V(co) - F(0)) + F(0) 



(7) 



where At is the total actin concentration. If At » A u essen- 
tially all of the label is in F-actin at fluorescence equilibrium 
and F(oo) = **(<»). 

The fluorescence signal depends on the ratio Nm/Au that 
is the total amount of monomer subunits exchanged with 
polymer subunits compared to the critical concentration. The 
fraction of the equilibrium fluorescence observed can be di- 
rectly calculated from Equation 6 as 



F(t) - F(0) 
Fm{*>) - F[0) 



') 



(8a) 
(8b) 

According to Equation 8b, when Nm = Ai we observe 63% of 
the equilibrium fluorescence; Nm » 2Ai gives 86%; and Nm 
= 3Ai gives 95% of the final signal If Ai represents 5% of the 
total actin, then only 15% of the F-actin subunits need to 
exchange to turn over the G-actin pool three times and give 
95% of the equilibrium fluorescence. Thus, when most of the 
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actin monomers are in the F-actin pool, only a small fraction 
of them need to exchange to observe nearly complete fluores- 
cence equilibrium. To proceed further we must specify the 
mechanism of subunit exchange, and thereby the time de- 
pendence of m. 

Treadmilling Model— In a treadmiUing model where net 
subunit incorporation occurs at one polymer end (say the 
barbed end) and net subunit loss occurs at the opposite 
(pointed) end we have, 

m - MA* - kl)t » -(k;Ai - K)t (9) 

or 

m~J m t (10) 

where j m is the (constant) monomer flux rate at each polymer 
end (monomers/h). Using Equations 10 and 6, we find for a 
treadmilling system 

F<») - Fit) = «F(oo) - F(0))e' N ^\ (11) 

Therefore, if treadmilling is the primary subunit exchange 
mechanism, a plot of -In (F(w) - F{t)) versus t should be 
linear with a slope Nj m /Ai, 

This formulation for a treadmilling system should be valid 
until labeled subunits which have been incorporated at the 
barbed ends of filaments begin to appear at the pointed ends 
of the same filaments and then get added back to the G-actin 
pool. Since an F-actin solution contains a distribution of 
filament lengths (see Fig. 5), there will be a distribution of 
times at which appearance of label will occur at the pointed 
ends. The complete solution to this problem requires a precise 
knowledge of the filament length distribution. We will not 
attempt to solve the complete problem here (see Ref. 7 for 
one approach to this problem). By considering a measured 
filament length distribution, we have shown under "Results" 
when such considerations should begin to affect significantly 
the observed exchange data in MgCfe. 

Exchange-Diffusion Model— An alternative mechanism by 
which fluorescent monomers could be incorporated into pol- 
ymers at steady state is by exchange-d^ftusion (9). Consider 
one end of an actin filament at which addition and loss 
reactions occur at an equal rate so that no treadmilling occurs, 
Le. k + Ai * k~. Random fluctuations in the sequence of on- 
and off-events in this case can result in a net incorporation of 
labeled monomers into polymers (9, 30). For the special case 
when all of the monomer pool is labeled at all times, the 
average distance from the end of a polymer that is labeled is 

m = 2^y / \l-e-*-') (12a) 

Using Equation 6 to correct for the changing concentration of 
labeled monomers in the G-actin pool, we find 

f\m) - F(t) - <F(oo) - F (0))exp(-^~) ) (13) 

Therefore, a plot of -In (F(oo) - Fit)) versus f 1/2 should be a 
straight line if exchange-diffusion is the predominant mecha- 
nism of subunit exchange. If both filament ends undergo 
exchange-difrusion at the same rate, the same equation applies 



with N being twice the concentration of F-actin filaments. 

Equation 13 must be regarded as an approximation. The 
full solution has not been obtained to the exchange-diffusion 
problem with a changing concentration of labeled monomer 
in the G-actin pool. Notice, however, that the correct equation 
is recovered for short times, when only a small amount of 
labeled G-actin has been incorporated into polymer, or when 
the critical concentration is a high percentage of the total 
actin. In this case, Equation 12b should apply with label of 
"fixed" concentration po/A\ incorporated to a depth m on 
polymers of concentration N. From Equation 3 with Nm <*: 
A i, we do indeed find that the concentration of labeled F-actin 
subunits is just 

Po-p{m)~{^Nm (14) 
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